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We have experimentally investigated the resonant optical response of a partially excited high-density atomic
potassium vapor under conditions where local-field effects strongly influence the response. We have measured
the excitation dependence of the Lorentz local-field shift, and found it to be in excellent agreement with
theoretical predictions. @S1050-2947~99!09601-8#
PACS number~s!: 32.70.Jz, 42.65.AnFor dense matter the connection between microscopic
electromagnetic properties like atomic and molecular polar-
izabilities, and a macroscopic response function, such as a
susceptibility, is highly nontrivial because of many-body as-
pects. A widely used procedure to make this connection is to
introduce the concept of a local field E loc , as put forward by
Lorentz @1#. This field, which is defined at the position of a
specific particle, is due to both the externally applied elec-
tromagnetic field E and the polarization P of all the other
particles. The relation between E loc and E is given by @1,2#
E loc5E1~4p/3!P , ~1!
assuming the virtual cavity to be spherical. Although the
local-field concept has been known for more than a century,
the interest in the subject is still very much alive @3#.
If the material responds linearly to the driving field, one
can write P5NaE loc for the polarization, where N repre-
sents the number density of particles and a their polarizabil-
ity. With the standard relation for the dielectric coefficient
e5114px , with x5P/E the macroscopic linear suscepti-
bility, we obtain the Lorentz-Lorenz relation @4#
e5114pNaS e123 D . ~2!
This form explicitly shows that the dense medium has an
enhanced dielectric response as compared to a rarefied me-
dium for which e5114pNa . The enhancement factor L
5(e12)/3 is frequently called the local-field correction fac-
tor @5#. This factor plays an important role in nonlinear optics
of dense media, where effects associated with the nth-order
nonlinear susceptibility become enhanced by a factor Ln11.
The implications of the local-field ansatz @Eq. ~1!# for the
resonant electromagnetic response of a system, in particular
for a collection of dipole oscillators, were already discussed
by Lorentz himself @4#. He showed that the resonance fre-
quency of the dielectric coefficient e(v) of the ensemble is
shifted relative to that of the individual oscillator. This shift
has become known as the Lorentz local-field shift. Experi-
mental evidence for this shift came almost a century after
Lorentz’ proposal, in an experiment on the linear and non-
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College Station, TX 77843-4242.PRA 591050-2947/99/59~1!/271~4!/$15.00linear optical response of a dense atomic vapor in the vicin-
ity of its fundamental atomic resonance frequency @6#.
In addition, it has been predicted that the local-field shift
of a dense atomic vapor should depend on its degree of ex-
citation @7#. An indirect experimental indication of the exis-
tence of an exitation-dependent line shift has recently been
given @8#. This prediction has strongly stimulated the study
of a whole array of new nonlinear phenomena in dense
atomic vapors such as mirrorless optical bistability @9#, ul-
trafast switching effects @10#, self-induced transparency @11#,
piezophotonic switching @12# and lasing without inversion
@12#. In the present paper, we report the results of an experi-
mental study of the excitation dependence of the Lorentz
local-field shift in a dense atomic vapor.
The usual procedure to introduce the Lorentz local-field
shift in the optical response of a dense atomic medium is first
to evaluate the atomic polarizability a(v) for a dilute vapor
in the vicinity of the resonance frequency v0 . Then applying
the Lorentz-Lorenz relation @Eq. ~2!# yields a dielectric co-
efficient e whose real and imaginary parts are shifted to
lower frequencies, as compared to v0 , by an amount DvL
0
,
the Lorentz local-field shift in the zero-excitation approxima-
tion.
Using a quantum-electrodynamical calculation that does
not make the local-field approximation, Friedberg, Hart-
mann, and Manassah @7# showed that the Lorentz shift is
proportional to the fractional population difference between
the ground and excited states h5(Ng2gg /geNe)/N;h51
corresponds to zero excitation and h50 to maximum exci-
tation. Here gg and ge are the degeneracies of the ground and
excited states, respectively, and Ng and Ne the corresponding
densities. For the dielectric coefficient the authors of Ref. @7#
found
e~v!511
kNh
v2v01DvL1DvNL2i 12 Gself
, ~3!
with DvL5hDvL
0 the excitation-dependent Lorentz shift
and DvL
05kN/3. The constant k is given by k5 f crel ,
where re is the classical radius of the electron, f the oscillator
strength of the transition, and l the transition wavelength. In
Eq. ~3! DvNL represents a non-Lorentz contribution to the
line shift that does not appear in the theory of Ref. @7# but
was found experimentally @6#. Its physical interpretation is
subject to controversy @6,13#. Our study of the excitation271 ©1999 The American Physical Society
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Gself represents the self-broadened width of the line ~full
width at half maximum!. For a dense atomic vapor (N
'1017 cm23),Gself is proportional to the ground-state den-
sity, Gself5kAgg /geNg . This shows that the self-broadened
linewidth is excitation dependent @8#.
In our experiment we probe a dense atomic potassium
vapor in reflection. In a pump-probe experimental setup ~see
Fig. 1! we determine the reflectivity of the dielectric-vapor
interface on the D1 or D2 resonance transitions when the
vapor is appreciably excited by the beam of a Ti:sapphire
pump laser, focussed to a spot size with 50-mm diameter
~powers up to 500 mW!. The pump laser is tuned away from
the atomic resonance to avoid coherent effects and effects
resulting from large inhomogeneities in the spatial distribu-
tion of excited-state atoms @14#. The probe laser is an
external-cavity semiconductor laser which is scanned over
the full spectral line around the resonance transitions, and its
power ~0.1 mW! and spot size diameter ~50 mm) are such
that saturation effects are negligible @6#. The vapor cell is
completely made of sapphire, which allows us to reach high
vapor densities: N'1017 cm23. At this density the self-
broadened linewidth is so large (Gself'10 GHz! that hyper-
fine splitttings and the Doppler effect can be ignored.
Typical experimental results are shown in Fig. 2 for a
density N52.331017 cm23. Curve ~a! shows the experi-
mental reflectivity spectrum R(v) for an unexcited vapor,
i.e., with the pump laser switched off. Curve ~b! depicts
R(v) when the vapor is excited by a 400-mW laser beam.
The zero on the frequency axis refers to the center frequency
v0 of the absorption spectrum of a low-density (N
'1012 cm23) potassium vapor. To improve the signal-to-
noise ratios we measured frequency-modulated ~FM! reflec-
tivity spectra that are shown in curves ~c! and (d), for the
unexcited and excited cases, respectively In this case the
probe laser is frequency modulated with a modulation depth
of 100 MHz at a frequency of 400 Hz. Direct inspection of
the FM spectra already yields an important result. With the
line center defined as the average of the two frequencies
where the FM signal equals zero ~see Fig. 2!, one observes
that the position of the line center differs for curves ~c! and
(d): when the vapor becomes partially excited, the center of
the spectral line shifts a few GHz to the blue. Note that,
except for a small fraction, this shift is not a light shift or
dynamical Stark shift, since its values for both positive and
negative detunings of the pump laser are almost the same as
FIG. 1. Experimental pump-probe setup to measure selective-
reflection spectra on the fundamental resonance transitions in a
dense potassium vapor.will be shown below. One also sees immediately that the
experimental linewidth Gexpt , defined as the frequency dif-
ference between the two zero crossings ~see Fig. 2!, is 2.5
times smaller for the partially excited vapor as compared to
the unexcited vapor, in agreement with earlier results @8#.
Curves ~c! and ~d! of Fig. 2 are both very well described
by the simple expression for e(v) @Eq. ~3!#. This is shown
from their excellent agreement with the calculated spectra ~e!
and ( f ), using the Fresnel formula for the interface reflec-
tivity with appropriate values for the spectral width and
population difference hN . This proves that the spectrum
does not become distorted as a result of the partial excitation
of the vapor ~apart from spectral shifts!. It is then allowed @6#
to relate the spectral shift and width to the zero crossings of
the FM spectra as introduced above @15#.
Figure 3 shows the observed shift Dvexpt as a function of
the pump power Ppump for N52.331017 cm23 (D1 transi-
tion!. The circles and squares represent our experimental re-
sults for pump detunings of 250 and 150 GHz relative to
v0 , respectively. The shift Dvexpt is clearly power depen-
dent and negative ~i.e., the spectral line is shifted to the low-
frequency side of v0). With increasing pump power the shift
becomes less negative implying that the line shifts back to-
ward resonance ~relative blueshift!. We ascribe the differ-
ence in shift for positive and negative pump detuning to the
light shift ~an estimate of the light shift gives the proper
FIG. 2. Experimental reflectivity spectra for a dense potassium
vapor (N52.331017 cm23) on the D1 transition. Curves ~a! and
~b! show the reflectivity of the unexcited and excited vapor, respec-
tively. Curve ~c! is the frequency-modulated reflectivity in the un-
excited case, and curve ~d! depicts the same for the excited case.
The theoretically obtained frequency-modulated reflectivity spectra
for the unexcited and excited vapor are depicted in curves ~e! and
( f ), respectively. In all cases the pump laser is tuned 50 GHz at the
low-frequency side of the atomic resonance and produces 400 mW
of output power.
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the total shift Dvexpt ~see Fig. 3!, and will therefore be ne-
glected.
Because the saturation behavior of a dense alkali vapor is
highly nontrivial, it is hard to determine the fractional popu-
lation difference h acurrately from the values of the pump
power. Rather we determine h , for each value of the pump
power, from a direct comparison between an experimental
spectrum and a calculated spectrum while ignoring any spec-
tral shift. To calculate the spectrum we use, as discussed
above, the Fresnel formula for the reflectivity and the dielec-
tric function of Eq. ~3!; in the latter we use the experimental
value for the linewidth Gexpt , deduced from Fig. 2. The com-
parison directly yields h . To check the internal consistency
of our method to determine h , in Fig. 4 we plot the resulting
values of h versus the experimental linewidth for N5
2.331017 cm23 (D1 line! because the width is expected to
depend linearly on h @8#. Note that, since h is the fractional
population difference, the width Gexpt has been normalized to
its value in the limit of zero excitation Gexpt
0
. The dashed line
in Fig. 4 shows the expected result based on a quasistatic
picture of the dipole-dipole collisions; such a picture applies
at this density @8#. The excellent agreement between this
model and our experimental data, obtained without any fit
parameter, increases our confidence that our method to de-
termine h is reliable. Note that the atomic ground state be-
comes strongly depleted in the present experiment: at the
highest pump power that was used the fractional population
difference reaches a value h50.23. In this case the fraction
of atoms that resides in the ground state is less than half
(Ng /N'0.42). Radiation trapping plays an important role in
achieving such a strong depletion of the ground state @16#.
The excited-state atoms are statistically distributed over the
two fine-structure levels of the excited 4p state.
We will now discuss our key result, namely, the observed
excitation dependence of the spectral shift Dvexpt . To do so
FIG. 3. Experimental values of the shift Dvexpt of the D1 line as
a function of the pump laser power for a dense potassium vapor
(N52.331017 cm23). The detuning of the pump laser from reso-
nance equals 250 GHz ~circles! and 150 GHz ~squares! with re-
spect to v0 , the center of the low-density absorption spectrum. The
solid curves through the data have been drawn to guide the eye. we normalize the shift to its value for zero pump power
Dvexpt
0
. Figure 5 shows the normalized shift Dvexpt /Dvexpt0
as a function of the experimentally obtained values of the
fractional population difference h for the D1- and D2- tran-
sitions, respectively (N52.331017 cm23). The dashed lines
are the results of a linear fit through the data points:
Dvexpt /Dvexpt
0 5ah1(12a). Our results are clearly well
described by this function, and we find that a50.62 for the
D1 line whereas, a50.82 for the D2 line. This implies that
Dvexpt contains both an excitation-dependent part, which we
identify with the Lorentz shift, and an excitation-independent
part. Our results imply that the Lorentz shift is linear in the
degree of excitation, DvL5hDvL
0
, in perfect agreement
with theoretical predictions @7#. Our experimental values for
FIG. 4. The population difference h as a function of the nor-
malized width Gexpt /Gexpt
0 of the selective-reflection spectrum for
the potassium D1 line at a density N52.331017 cm23. The dashed
line corresponds to theory, as discussed in the text.
FIG. 5. The normalized shift Dvexpt /Dvexpt0 as a function of the
fractional population difference h for the potassium D1 and D2
lines (N52.331017 cm23). The dashed lines represent linear fits.
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0 /Dvexpt for
the potassium D1 and D2 transitions as found by Maki et al.
@6# in an experiment at h51; this confirms our identification
of the excitation-dependent part of the normalized shift with
the Lorentz shift.
Following the same argument, the excitation-independent
part of Dvexpt is identified with the non-Lorentz shift DvNL
which was previously observed in the zero-excitation limit
and attributed to van der Waals interactions between ground-
state atoms @6#. Recently this interpretation was rejected, and
an alternative interpretation put forward. This involves the
interaction between the atoms and the wall and the short
penetration length of the incident laser field at high atomic
densities @13#. In view of our result that DvNL is essentially
excitation independent, the latter interpretation is deemed to
be more plausible.
In conclusion, we have measured the reflectivity of a par-
tially excited atomic potassium vapor for densities where
local-field effects are important. We have experimentallyshown that the Lorentz local-field shift depends linearly on
the degree of excitation, in perfect agreement with theoreti-
cal predictions @7#. We have also confirmed the existence of
a non-Lorentz ~excitation-independent! contribution to the
spectral shift, and made plausible that this is not a collisional
shift. The present experiment underlines that the local-field
ansatz of Lorentz provides an excellent quantitative descrip-
tion of the optical response of a high-density atomic vapor
around resonance. It provides solid footing for theoretical
predictions of exciting phenomena in nonlinear optics based
on the excitation dependence of the Lorentz shift. Apart from
mirrorless optical bistability @9#, experimental confirmation
of these nonlinear phenomena @10–12# has not yet been re-
ported.
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